ABSTRACT
MicroRNAs (miRNAs) have been suggested as suppressors of numerous target genes in human cells. In this report, we present gene chip array data indicating that in the absence of miRNA sequences, complete human introns are similarly capable of coordinating expression of large numbers of gene products at spatially diverse sites within the genome. The expression of selected intronic sequences (6a, 14b and 23) derived from the cystic fibrosis transmembrane conductance regulator (CFTR) gene caused extensive and specific transcriptional changes in epithelial cells (HeLa) that do not normally express this gene product. Each intron initiated a distinctive pattern of gene transcription. Affected genes such as FOXF1, sucraseisomaltase, collagen, interferon, complement and thrombospondin 1 have previously been linked to CFTR function or are known to contribute to the related processes of epithelial differentiation and repair.
A possible regulatory function of this nature has not been demonstrated previously for non-coding sequences within eukaryotic DNA. The results are consistent with the observation that splicesomal introns are found only in eukaryotic organisms and that the number of introns increases with phylogenetic complexity.
INTRODUCTION
Although traditionally viewed as evolutionary debris (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) , functions ascribed to intronic DNA (mRNA export, transcript stability, nonsense mediated decay, etc.) that act in cis have become increasingly apparent (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) . In addition, very recent evolutionary and developmental models have speculated that intronic DNA might somehow govern genomic networks that underlie human differentiation and development (2) (3) (4) . Small non-coding RNAs (microRNAs, or miRNAs) are often found within intronic DNA, and regulate mRNA transcript stability in plants and animals. A specific miRNA was recently shown to alter expression of approximately 100 different mRNAs in the HeLa (cervical cancer) cell line (5) and to shift gene expression towards a profile suggestive of brain tissue. The specificity of these findings for 22nt RNA sequences (as opposed to larger, non-coding segments of RNA) is not known. Intronic RNA is transcribed from DNA following expression of the vast majority of human genes. Nevertheless, the genomic consequences of expressing a eukaryotic intron in heterologous cells (i.e. that otherwise do not express the associated gene) have not been examined previously. In the present experiments, we 
MATERIALS AND METHODS

Amplification of CFTR introns 6a, 14b and 23
Intronic sequence information was obtained from the University of California, Santa Clara Genome Bioinformatics web site (26). Introns 6a, 14b, and 23 from the CFTR genomic sequence ( Figure 1 ) were PCR amplified using primers shown in Table 1. PCR products were cloned into pCR4-Blunt vector (Invitrogen, Carlsbad, CA), and then subcloned into XhoI digested pHR′ CMVLucWSin-18 (see below). Correct PCR amplification was confirmed in each case by double stranded DNA sequencing.
Lentivirus generation
Lentiviral vector production as described by Trono and colleagues (27) was based on a lentiviral packaging system consisting of three plasmids; pMD.G (envelope plasmid), pCMVDR8.91 (packaging plasmid), and pHR'CMVWSIN-18 (transfer vector). 293T cells (2.5 x 10 6 ) were seeded in 10-cm plastic dishes containing Dulbecco modified Eagle medium (DMEM) with 10% fetal bovine serum (FBS) 24 hours prior to transfection. Forty micrograms plasmid DNA cocktail containing 5 µg pMD.G, 15 µg pCMVDR8.91 (which expresses Gag, Pol, Tat, and Rev) and 20 µg SIN transfer vector plasmid were used to transfect each 10-cm dish. Transfection medium was removed after 14 to 16 hours and replaced with DMEM/F12 without phenol red (Invitrogen, Carlsbad, CA) and containing 2% FBS. Viral supernatant was collected after an additional 24 hours, cleared by low-speed centrifugation, and filtered through a low protein-binding 0.22-µm polyethersulfone filter (Millipore, Beford, MA). The virus was concentrated 1000-fold by centrifugation at 26,000 rpm for 90 minutes at 8°C using an SW-28 rotor (Beckman, Palo Alto, CA), resuspended into serum-free cell growth medium and allowed to incubate on ice for 2 hours before storage at -80°C. Viral titer was approximately 1x 10 9 TU/ml.
Clonal cell line preparation
One hundred thousand HeLa cells were split into 6-well plates. Two microliters of lenitvirus encoding each intron were added to the medium and incubated 24 hours. The cells were split into 96 wells at a density of 0.3 cells/well. Cells were observed daily and only single clones were expanded and screened for intron expression by RT-PCR. RNA from clonal cells was isolated using RNeasy Mini Kit (Qiagen, Valencia, CA) and analyzed using One-Step RT-PCR Kit (Qiagen, Valencia, CA) with CFTR intron specific primers. As expected (28) , CFTR intronic mRNA was not detectable in RNA from parental (non-transduced) HeLa cells. For each intron, 5 to 10 distinct clones were isolated, grown in separate wells and purified separately prior to DNA microarray or other analysis.
DNA microarray analysis
A sample of cellular mRNA from individually derived cell clones was used to synthesize double-stranded cDNA by reverse transcription using One Cycle cDNA Synthesis Kit (Affymetrix, San Clara, CA). Final labeling of cRNA with biotin-UTP was performed with GeneChip IVT Labeling Kit (Affymetrix, San Clara, CA), according to manufacturer protocol. Hybridization, washing, staining and scanning were performed as described (Affymetrix GeneChip Analysis Manual). cRNA samples were initially hybridized to Affymetrix Test 3 arrays for quality control and subsequently to Affymetrix Human Genome U133 Plus 2.0 arrays. Hybridizations were carried out at 45°C for 16 h in a rotisserie oven set at 60 r.p.m. Following hybridization, arrays were washed and stained with streptavidin-phycoerythrin (Affymetrix Fluidics Station 450) using the standard antibody amplification protocol. Arrays were scanned with the Affymetrix GeneChip Scanner 3000 at 532 nm and 2.5 microns per pixel. Expression values and fold changes were calculated using GeneChip Operating Software (GCOS).
Data were normalized by scaling the target intensity to 150.
RESULTS AND DISCUSSION
Consequences of expression of intronic sequences in human cells
Transcription of each of three CFTR introns ( Figure 1 ) revealed a unique pattern of gene expression compared to (parental, non-transduced) HeLa controls. These results are presented in Tables 2-6 , and indicate transcripts affected by a single intron.
Only those transcripts that consistently changed by at least 3-fold with a signal intensity > 50 (a unit-less number) were deemed up or down regulated specifically by intron expression. Two replicates of intron 6a clone 1 and one replicate of intron 6a clone 2 are presented, as well as two independent clones each for introns 14b and 23. For comparison, the fold change data for all three introns are also provided in each table.
The observed fluorescence (total putative positives) on the Affymetrix chip is the sum of those transcripts that are actually present in the biological sample (true positives) and random background fluorescence (false positives). Assuming the worst case in which all positives are false, the probability of any single transcript appearing as positive is the quotient of the total putative positives divided by the total number of transcripts on the chip. In the case of intron 6a clone 1 (Table 2), the total apparent positive rate is 77/47,000 (1.6 x 10 -3 ) for replicate one and 66/47,000 (1.4 x 10 -3 ) for replicate two. In the absence of any biological causality, the probability of a single gene appearing in both technical replicates from 47,000 possible Similar values of significance were observed for 65 genes up-regulated by both independently derived clones expressing intron 14b (65/47,000 or < 0.14% of the transcripts available on the Affymetrix HG-U133 Plus 2 chip) (p=0.0000265) and the 9 concordant gene products in two independent clones expressing intron 23 (p=0.00000373). These results indicate a nonstochastic expression pattern attributable to transduced cell lines independently constructed, expanded, and analyzed for mRNA expression. The criteria that transcripts were only considered to be differentially expressed if they were altered by at least 3-fold in both the treatment replicates versus the controls (with a signal intensity > 50) are restrictive, but they also provide confidence that the results are due to biological causality.
For comparison, we measured endogenous levels of each of three introns in intestinal cell lines (T84 and HT29) and airway cells (Calu3) by RT-PCR. In all three of these CFTR-expressing cell lines, the level of intron 23 was comparable to that of intron 23 transduced HeLa cells. Intron 14b was expressed at a much higher level in the HeLa cells containing the transduced intron than in the other three cell lines, whereas intron 6 was not detectable in non-transduced cells (Figure 2 ).
Interpreting genomic signalling by introns 6a, 14b, and 23
We have recently published results (29) demonstrating that certain exon-intron combinations (based on number of nucleotides in each) occur more frequently than would be expected from the random pairing of these genomic elements. We interpreted these findings to suggest a common structural function of introns, as opposed to the view of introns as random evolutionary debris. The results of the current study are compatible with this view. We have demonstrated that expression of a single intron in the absence of its gene of origin is sufficient to dramatically alter a cellular expression profile. While the mechanism by which introns induce these changes is unknown, it is obvious that the genomic effects are due to the presence of the intron, and not the gene, its protein product or a downstream metabolite, since CFTR is not expressed in HeLa cells.
The findings also establish that changes in cellular transcription mediated by intronic DNA are intronspecific. Each of three CFTR sequences displayed a unique and highly reproducible expression profile with only a few transcripts in common among the sequences examined. The three introns tested here were of different lengths and derived from different positions in CFTR. The experiments therefore implicate each expression pattern as a function of the specific intronic base sequence. Intron 14b is 668 bp in length. Introns 6a and 23 are 1136 bp and 1343 bp, respectively. If the expression profiles initiated by each of these were determined by length, rather than sequence, intron 6a and 23 might be expected to alter many of the same mRNAs. In fact, none of the transcripts up-regulated by 6a were also increased by intron 23. On the other hand, of 65 transcripts up-regulated by intron 14b, 7.7% (5/65), were also up-regulated by intron 6a and 4.6% (3/65) were up-regulated by intron 23. None of the intronicallysignaled transcripts (Tables 2-5) were RNAses or other gene products that might be expected as part of a more general response to rid the cell of aberrant mRNA, further indicating specificity of the observed expression profiles.
The cell lines studied here (parental HeLa, intron 6a, intron 14b, intron 23) did not express CFTR as measured by the corresponding Affymetrix probe (205043_at). HeLa cells expressing intron 23 did exhibit a substantial increase in sequences derived from CFTR exons 23, 24, and 24a (Affymetrix probe 217026_at) ( Table 6 ). This is consistent with the expression of intron 23, because exon 24a is the result of alternative splicing that incorporates part of the sequence of intron 23 to form exon 24a (30) . The result is therefore a positive confirmation that the clone was expressing intron 23. Note: only those transcripts increased in 2 of 2 distinct and separately derived clones are shown, 1 signal intensity < 50, NC -no change, Clone 1, replicate 1, total of 179 transcripts increased by >= 3 fold, Clone 1, replicate 2, total of 327 transcripts increased by >= 3 fold Note: only those transcripts increased in 2 of 2 distinct and separately derived clones are shown, 1 signal intensity < 50, NC -no change, Clone 1, replicate 1, total of 142 transcripts increased by >= 3 fold, Clone 1, replicate 2, a total of 58 transcripts increased by >= 3 fold 
Intronic signalling is independent of microRNA expression
MicroRNAs are 22 nucleotide RNA sequences known to suppress transcriptional activity in animals and plants, including human cells (5-7). Many of the > 300 miRNAs identified in the human genome are encoded within intronic DNA.
Gene repression by miRNA sequences is not fully understood, but often involves interactions with 3' untranslated regions of targeted genes through partial complimentary. Recent findings suggest far reaching influence of miRNAs in genome-wide transcription. For example, transfection and expression of a single miRNA (miR-124) in HeLa cells downregulated numerous mRNAs and shifted the expression profile towards that of brain (5) . The present experiments indicate that similar effects occur when entire introns are expressed in the HeLa cell line. Of note is that the CFTR introns 6a, 14b and 23 do not contain miRNAs (as judged by either the stem-loop search tool available from the miRNA registry website, or any known miRNAs listed on that site (31)).
Introns 6a, 14b, and 23 activate genes tied to CFTR function
The simultaneous changes of a number of the genes described here are suggestive of mRNA networks responsible for sustaining normal epithelial cell physiology. CFTR is expressed in lung, intestine, and other epithelium, where it acts as a chloride channel. Absence of CFTR leads to profound disruption of the normal tissue architecture. Several genes found to be differentially expressed in response to CFTR intronic RNA seem more than coincidentally tied to CFTR function. For example, expression of intron 6a in HeLa cells caused an average 36-fold increase in sucrase-isomaltase (SI), an enzyme that is expressed only in small intestinal enterocytes (32) and fetal colon (33) . The expression of this gene, which was also affected in one of the clones expressing intron 14b, has been shown to correlate with expression of CFTR during the differentiation of intestinal epithelial cells (34) . The most significant down-regulated gene was thrombospondin-1, which was on average nine fold less in the cells expressing intron 6a as compared to parental HeLa cells. The level of thrombospondin has been shown to be associated with the degree of lung injury (35) . A mouse model deleted for thrombospondin-1 (36) exhibited a number of abnormalities including persistent inflammation, vascular smooth muscle hyperplasia and mucinous metaplasia, which were noted to resemble a CF pulmonary phenotype. Several other transcripts affected by intron 14b and intron 23 are related to the collagen (7 instances), interferon (8 instances), and complement (4 instances) protein families crucial to normal epithelial physiology, or specifically implicated in the CF disease process. Expression of intron 6a resulted in an average 29-fold change in the level of Forkhead Box f1 (FOXf1). This gene product has been shown to cause activation of a number of lung-specific genes (37) and to be essential for lung repair (38) . The majority of mRNAs described in Tables 1 to  5 do not conform to a discrete epithelial attribute. However, based on a surprising number of gene products known to have crucial functions in major CF affected organs such as lung and intestine, we suggest that even in HeLa (cervical cancer) cells, CFTR introns may remain capable of shifting expression towards sequences important to epithelial and tissue physiology.
The present experiments provide a means by which these observations can be better understood in the future.
Potential significance of the observation that intronic sequences modify gene expression in trans
These observations support a notion conceptualized previously (1-4) that intronic DNA may somehow provide a material signal contributing to the organization of certain genetic networks. In the paradigm suggested by the present findings, genes in a common metabolic pathway would influence expression of other genes in the same pathway. If transcription of a particular gene were activated (e.g. by a change in cellular metabolism) related genes would be notified of this circumstance by virtue of intronic RNA (Figure 3) . The arrangement would coordinate waves of gene expression important to particular cellular processes, and quantitatively depend upon relative levels of spliced mRNAs. The signals would also persist for some period of time beyond the transcription of the originally activated gene.
The notion presented here is also consistent with the observation that the number of introns increases with the complexity of organisms (up the phylogenetic hierarchy).
Splicesomal introns are only found in eukaryotes, with the lower eukaryotes having fewer. More complicated organisms would be expected to require complex transcriptional control to successfully complete development and differentiation. Increased complexity also necessitates adaptability (e.g. organ system and homeostatic responsiveness to infections, toxins, climate, resource availability, etc.), compounding the need for more sophisticated and systematic transcriptional regulation. Our findings predict that certain intronless (structural) genes such as histones, keratins and actin, might less actively participate in the complex regulatory responses necessary to manage environmental stimuli of this sort. Part and parcel of the model would be cascades of interrelated genes triggering expression of downstream gene networks, in a fashion fundamental to the processes of development, aging and epigenetic adaptation to the environment.
